Abstract. Arterial spin labeling (ASL) enables the noninvasive, quantitative imaging of cerebral blood flow using standard magnetic resonance imaging (MRI) equipment. Because it requires no contrast injection, ASL can add resting functional information to MRI studies measuring atrophy and signs of ischemic injury. Key features of ASL technology that may affect studies in Alzheimer's disease are described. The existing literature describing ASL blood flow imaging applied to Alzheimer's disease and related dementia is reviewed, and the potential role of ASL in treatment and prevention studies of early Alzheimer's disease is discussed.
INTRODUCTION
Imaging provides the primary means for assessing brain structure and function in humans in vivo, and for many clinical situations, brain imaging biomarkers have the potential to provide greater sensitivity and specificity than clinical indices for differential diagnosis and management of brain disorders. Brain imaging methods can also be applied to animal models and can therefore facilitate translational research. While changes in regional gray matter volume have been shown to provide a potential biomarker of Alzheimer's disease (AD) and can predict conversion to AD from mild cognitive impairment (MCI) over in-tervals of 6 months or longer [1, 2] , changes in regional brain function may be more dynamic and provide even greater sensitivity to early disease, disease progression, or responses to therapy.
Functional MRI (fMRI) using the blood oxygenlevel dependent (BOLD) technique has emerged as the most popular approach for assessing regional brain function noninvasively in human subjects due to its ease of use, comparatively low cost, and wide availability. A major advantage of fMRI over other modalities is that detailed studies of brain structure can be obtained concurrently. Current research MRI protocols typically include high resolution images for gray and white matter volumes obtained with T1-weighted imaging and now studies of white matter tracts obtained with diffusion tensor imaging. These data facilitate both regionof-interest and voxel-wise comparisons between subjects or cohorts and together allow structure-function correlations to be obtained within a single modality.
Research MRI protocols may also include screening for structural lesions with T2-weighted MRI, assessments of brain vasculature with magnetic resonance angiography, and screening for hemorrhage and microhemorrhage with gradient echo MRI. Studies of brain function and brain-behavior relationships in clinical or preclinical AD are obviously enhanced by knowledge of regional cortical atrophy, ischemic changes, or the presence of other pathologies.
Nearly all imaging studies of brain function rely on the existence of a coupling between regional changes in brain metabolism and regional cerebral blood flow (CBF) [3] . Changes in blood flow and metabolism occur with both excitatory and inhibitory neurotransmission, both of which are energy consuming processes [4] . Regional blood flow changes co-localize with known functional specialization. Early positron emission tomography (PET) studies comparing regional changes in CBF, CMRGlc, and CMRO2 during visual stimulation suggested a close relationship between changes in CBF and CMRGlc [5] . Accordingly, regional CBF imaging results tend to mirror FDG-PET results except when normal vascular coupling is compromised, as in stroke and potentially other disorders.
Current concepts of brain function in cognitive neuroscience have largely focused on characterizing brainbehavior relationships within the context of specific domains such as language or memory and the majority of fMRI studies have accordingly examined taskevoked changes in regional brain function. While these studies have contributed to a better understanding of how specific cognitive functions are subserved in both health and disease, task-correlated fMRI also has several inherent limitations. Firstly, many cognitive tasks must be contrived to allow administration within the confines of an MRI scanner. Secondly, task-correlated fMRI must be interpreted in the context of task performance, which is often impaired in clinical populations. Thirdly, inferences about regional brain function based on task-activation fMRI data are generally limited to the specific cognitive state recruited by the activation paradigm. Finally, inferences about brain-behavior relationships during a cognitive task may be difficult to interpret without explicit knowledge about baseline brain function since variations in intrinsic brain function certainly occur in most brain disorders.
An alternative approach for studying regional alterations in brain function that occur with disorders such as AD and for elucidating brain-behavior relationships in both patients and controls is to correlate neuroimaging findings made at rest or during a fixed task state with clinical or behavioral measures made outside of the MRI scanner. Unlike task-activation studies, this approach relies on individual differences across the study cohort to provide image contrast, and its most effective use requires quantitative neuroimaging measures that can be effectively compared across subjects and scanning sessions.
Arterial spin labeling (ASL) provides a means of quantifying regional CBF directly by MRI. This class of techniques utilizes magnetically labeled arterial blood water as a nominally diffusible tracer for blood flow measurements in a manner analogous to that used for 15 O-PET scanning, except that the tracer is endogenous. ASL methods can also be used for imaging task activation, though their use has been less widespread than BOLD methods because to date these techniques have produced a lower signal change for activation and are more difficult to implement.
The first demonstrations that ASL perfusion MRI could quantify regional CBF were obtained in rodents [6, 7] , but human studies followed closely thereafter [8] . Because arterial transit times in humans are much longer than in rodents, accurate measurement of CBF in humans in ASL requires explicit consideration of both blood and tissue compartments [9] . Several schemes exist for labeling arterial blood water including continuous labeling [7] , pseudo continuous labeling [6, 10] , and pulsed labeling [11, 12] . While initial ASL studies were carried out in single slices, whole brain measurements are now routinely performed. The effects of ASL can be sampled using any imaging sequence and, in theory, provides a quantitative perfusion image that is independent of scanning parameters. As such, ASL represents one of the few MRI contrast mechanisms for which the physiological basis is well known and provides a biomarker of brain function that should be portable across scanning platforms or time. Existing data suggest test-retest reliability comparable to other modalities [13] [14] [15] . An excellent concordance has been observed between ASL and 15 O-PET at rest [16] , during functional stimulation [17, 18] , and in clinical populations [19] .
ASL perfusion fMRI is well suited to examining the neural response to pharmacological agents and abstinence states since these are sustained effects lasting hours or longer, and hence benefit from a quantitative functional imaging method that allows comparison of measured values between scanning sessions. Modulation of CBF by vasoactive drugs such as acetazolamide [20] , CO2 [21] , and caffeine [18] are readily demonstrated. Preliminary studies also suggest that ASL is capable of detecting drug effects in the brain for both parenterally [22, 23] and orally administered [24] psychoactive drugs. As such, ASL may provide a sensitive means of detecting the effects of pharmacological treatments for AD or its prevention, and the utility of ASL perfusion MRI in drug development and validation is currently being explored.
TECHNICAL BACKGROUND
Understanding the literature and potential of ASL for AD research and prevention is aided by an understanding of the basic methods used for ASL MRI. Fortunately, an understanding of MRI technology is not particularly essential to a working knowledge of the key issues that affect ASL applications to AD and dementia.
ASL takes advantage of some unique capabilities of MRI. MRI measures signals from the magnetic properties, or magnetization, of hydrogen nuclei, mostly in water. In order to generate the signal, the scanner must first rotate the magnetization from its equilibrium direction along the main magnetic field of the scanner. Fortunately, a combination of time varying magnetic fields can be used to rotate the magnetization from just a localized region of space, such as a slice. ASL takes advantage of this spatially selective rotation to rotate, or "label", magnetization in a region containing flowing arterial blood. This labeled blood flows into tissue and temporarily changes the magnetization there. In many ways, ASL labeling behaves like an arterial injection of a tracer; magnetic fields replace the syringe and rotated nuclear magnetization of naturally occurring water in the blood replaces any foreign labeling substance.
ASL blood flow sensitive images are created by acquiring two or more images with different labeling [6, 7] . The most common approach is to acquire one "labeled" image with labeling applied to the inflowing arteries some time before the image is acquired and a second "control" image where no labeling is performed. If the labeling timing is performed appropriately, then simple subtraction produces an image that is proportional to blood flow.
Typically, ASL labeling produces a small fractional signal change. This is because only a fraction of the water in tissue is replaced with arterial water in the limited time before the "label" decays away. Labeled magnetization will tend to rotate back to the equilibrium direction with an MRI time constant, known as T1, of approximately 1.5 seconds with the exact time constant determined by hematocrit and field strength [25] .
Only about 1% of the water can be replaced on this time scale so the ASL labeling induces only a 1% change in a typical MR image. This has two implications. One is that the signal-to-noise ratio of ASL is 100 times lower than for standard anatomic MRI. Recovering sufficient signal-to-noise is usually achieved by reducing spatial resolution approximately four fold in each of the three directions. The second implication is that small motions or instability in either the control or label image can cause errors in the perfusion image. Such motion is a frequent cause of image degradation as techniques are translated from healthy subject testing to application in clinical populations. Fortunately, a technique known as background suppression greatly reduces this source of signal instability [26] .
By reducing the MRI signal unrelated to blood flow, background suppression [26] greatly improves the robustness and reliability of ASL [27] , especially in less cooperative clinical populations. Background suppression is achieved by applying additional inversions to the imaged region before imaging. If properly timed, the signal from static tissue water can be reduced by up to a factor of 100. Such a reduction means that ASL blood flow signal represents almost 50% of the signal in the label and control images. The reduced signal in the label and control image improves the stability of the difference between the two, creating a much more robust image. Unfortunately, use of background suppression is not yet widespread, so care must be used to exclude motion or other instabilities as possible sources of variance or artifactual signal in many studies.
ASL perfusion images can be corrupted in regions of great interest to dementia research, including the inferior temporal lobes, the orbitofrontal cortex, and even the anterior medial temporal lobes. These regions have less uniform magnetic fields because of proximity to air-tissue or bone-tissue interfaces, and some popular imaging methods for fMRI suffer from signal loss and spatial distortion in such regions. ASL contrast does not depend on using such imaging sequences, however. Spin echo based sequences are particularly insensitive to these non-uniform magnetic fields [28] . Volumetric spin echo based sequences are increasingly being applied to ASL and dementia [29] .
Labeling of arterial blood can be performed with a number of different MRI approaches. The diversity of approaches can confuse interested users and may complicate multi-site studies. Labeling by rotating arterial spins in a slab of tissue at one time is known as pulsed ASL. Several popular pulsed ASL strategies are known by their acronyms such as FAIR [12] and EPISTAR [30] , and the acronyms may sometimes be used in imaging descriptions without further explanation. Continuously rotating arterial spins as they pass a labeling plane just beneath the imaged region is known as continuous ASL [7, 31] . Advocates of continuous ASL, such as the authors, find it produces higher signal and signal-to-noise ratio [32] . Others have argued that details of implementation may reduce the advantages of continuous ASL [33] . Certainly, acceptable image quality and quantification can be achieved with a number of different implementations of continuous and pulsed ASL. Probably more critical to successful studies in dementia is the timing of the labeling.
If the timing of labeling is not carefully chosen, then the ASL blood flow measurement may have systematic errors caused by delayed arterial arrival. As mentioned earlier, the label of arterial water decays with a time constant of approximately 1.5. Imaging is often performed as early as possible after labeling to maximize signal change. However, early imaging after labeling enhances vascular structures and will underestimate tissue blood flow in regions with slower vascular supply. Coincidentally, some of the regions with the slowest arrival are those that also show flow decreases in AD, such as parietal and frontal association cortex. Errors from delayed arrival can be largely eliminated by waiting longer after labeling for labeled blood to enter tissue [9] . Some have proposed the use of images acquired at many different delays to quantify both blood flow arterial arrival time [34] , but it is not clear such added complication is necessary for quantitative imaging of dementia. If appropriate labeling timing is used, ASL images can be converted to quantitative blood flow maps using a relatively simple model and equations [9, 35, 36] . An example of the quality of images that can be obtained in AD is shown in Fig. 1 .
ALZHEIMER'S DISEASE RELATED ASL STUDIES
Since the literature on ASL applied to dementia is not extensive, we summarize each of the reported studies and the key findings.
Sandson et al. [37] This study used single slice EPISTAR and relative blood flow measures in 11 AD patients and 8 controls. Importantly a Hachinski Ischemia score of less than 4 was required for entry. Regions in temporo-occipital and parieto-occipital association cortex showed reduced CBF relative to whole slice flow. Regions in medial occipital, lateral prefrontal, motor/sensory, and head of the caudate did not show significant difference. Only parieto-occipital perfusion significantly correlated with dementia severity, as measured by a subset of the Blessed Dementia Scale, but not with the Matthis Dementia Rating Scale.
Alsop et al. [38] This study used a multi-slice technique to cover a larger portion of the brain and a post-labeling delay approach to minimize transit time related errors. Continuous ASL and echoplanar acquisition were used. 18 AD subjects were studied, though 1 was excluded for motion artifacts, and 11 age-matched controls were imaged for comparison. Significant flow decreases were detected in parietal, temporal, occipital, precuneus/posterior cingulate, and prefrontal cortex. Again, correlations with severity, here using the Mini Mental State Exam (MMSE) score, showed only significance with parietal cortex, along with the precuneus/posterior cingulate, a region not covered by the Sandson et al. study. Subjects were required to have Hachinski Ischemia score less than 2. The medial temporal lobes, including the hippocampus, were at the edge of the covered volume in this study.
Johnson et al. 2005 [39]
This paper employed pulsed arterial spin labeling in 20 subjects with AD, 18 diagnosed with MCI, and 23 matched controls. This multi-slice technique provided coverage of the upper half of the brain. This study provided confirmation of the AD associated decreases of ASL blood flow in precuneus/posterior cingulate, parietal association cortex, and lateral prefrontal cortex reported earlier. In addition, a less significant decrease in the parietal cortex was detected in MCI related to controls in the right inferior parietal lobe. Additionally, correction for atrophy was performed in the AD group. Right parietal lobe and bilateral middle frontal gyrus regions remained significantly decreased after correction of atrophy. Though no severity correlation was performed, the comparison of MCI, of which at least half are early stage AD, and AD showed more decreased flow in the bilateral precuneus/posterior cingulate, and the bilateral inferior parietal lobe. The study also explored the relative benefits of using absolute blood flow values or normalization to global blood flow. Generally unnormalized results showed slightly higher significance. Fig. 1 . Average of ASL blood flow images from 24 patients diagnosed with mild to moderate AD, top two rows, compared with images from 17 age-matched controls, bottom two rows. Images were aligned to a standard atlas before averaging. These images, from a dataset analyzed more rigorously elsewhere [29] , are shown to illustrate achievable image quality. Example regions with significantly decreased flow are indicated with arrows.
Du et al. 2006. [40]
This study performed ASL in 24 subjects with AD, 21 subjects with frontotemporal dementia (FTD), and 25 control subjects. Though not clearly stated, this study may include data from the subjects in Johnson et al. [39] , as the imaging methods are identical and the study is only one year later. Hence any meta-analysis should probably not include the AD data as an independent study. FTD patients with motor neuron symptoms were excluded. Analysis was only performed for FTD relative to AD and FTD relative to cognitively normal, so the independent effect of AD is not determined. Still, significantly lower flow in the precuneus, inferior parietal cortex, and posterior cingulate was detected in the AD relative to the FTD patients. FTD patients showed reduced flow relative to controls in the right superior and middle frontal cortex. Correlations between cognitive impairment and perfusion were minimal in the FTD group.
Xu et al. [41]
This study performed ASL CBF imaging in 12 subjects with amnestic MCI and 14 matched controls. A pulsed multi-slice technique was employed, but multiple volumes were acquired to provide greater coverage than in the study of Johnson and colleagues [39] . In addition to the larger coverage, the study added the use of an activation state where blood flow ASL was also measured during a memory encoding task. Significant differences between MCI and control were only detected in the right precuneus and cuneus in the baseline study. During the task, the significant region expanded to include the posterior cingulate. When comparing task to baseline, a significant increase in flow was observed in the parahippocampal gyrus in the controls but not in the MCI subjects. As commented in an accompanying editorial [42] , this study provides the first link to the growing literature on two areas of brain activity modulation: the use of BOLD MRI activation to detect early AD and the growing interest in the hypothesized default network that is found to be more active at rest and seems to be more active in AD. An important conclusion of this work is that all comparisons were more significant during the task than at rest.
Asllani et al. [43]
This study compared ASL blood flow studies in 12 subjects with AD and 20 age-matched controls. A multi-slice continuous ASL method was used. All analysis was performed using absolute, unnormalized, measures of blood flow. The most significant finding in this study was a global decrease in flow (averaged 40%) in AD compared to controls. Consistent with this global decrease in flow, regional analysis found significant decreases in flow essentially in every region. A novel co-variance pattern analysis showed decreases in many areas of interest to AD including the posterior cingulate, the parahippocampal gyrus and the hippocampus.
Alsop et al. [29] This study employed a more sophisticated imaging method using background suppression and a 3D acquisition to provide imaging of the entire supratentorial brain. 22 patients with AD and 16 control subjects were imaged. In addition to the blood flow images, maps of gray matter density were constructed to perform atrophy correction for neuronal loss or shrinkage. In addition to confirming prior studies, this study provided the first atrophy corrected, whole brain analysis with ASL. Interestingly, after correction for atrophy, a number of areas, including hippocampus, parahippocampal gyrus, temporal pole, superior temporal, and anterior cingulate, saw elevated blood flow. Without atrophy correction, there was a trend toward increased flow in the hippocampus, p < 0.2, the amygdala, p < 0.32, and the parahippocampus, p < 0.24. Only the hippocampal atrophy was significantly correlated with MMSE, though a trend towards decreased tissue volume and flow (p < 0.08) was seen in the precuneus.
Dai et al. [44]
This study performed 2D continuous labeling ASL in 38 control subjects, 29 MCI patients, and 37 AD patients. As with Alsop et al., gray matter segmentation was performed. All analyses were after atrophy correction for gray matter loss. In AD, the key findings were reduced blood flow in the poster cingulate extending into the precuneus, the inferior parietal cortex, the left inferior lateral frontal and orbitofrontal cortex. Elevated flow was only seen in the anterior cingulate. MCI subjects showed decreased atrophy corrected blood flow in the posterior cingulate with extension to the medial precuneus and increased blood flow to the left hippocampus, right amygdala and the basal ganglia on the right side.
Fleisher et al. [45] This study considered 13 subjects at risk for AD because of a positive family history and at least one copy of the apolipoprotein E ε4 gene and compared them to 10 without such a history. Subjects were between 50-65 with mean age of 58.5. 6 mm slices were acquired with a multi-slice pulsed ASL sequence. The acquired volume was placed parallel to the axis of the hippocampus and included the entirety of the medial temporal lobes. Regional analysis was used to limit the data to a region defined in the hippocampus. No other regions were considered. The results showed elevated blood flow in the hippocampus in the at risk group, approximately 25% higher, at baseline. During task activation with a memory task, the flow activation was a comparable amount lower in the at risk group. Activation as measured with blood oxygenation contrast was also lower in the high risk group. Hence, similar to Xu et al., the activation was reduced. There are several caveats to this study: The low risk group was 50% female but the high risk group was 78% female and no other regions were measured to control for global blood flow effects.
Yoshiura et al. [46]
Nineteen patients with AD and 22 healthy controls were studied with a multi-delay pulsed ASL imaging technique that acquired 7, 6 mm thick slices to create a 54 mm thick slab entirely above the anterior and posterior commissures. In addition to blood flow, arterial transit delay and a measure of arterial blood volume were obtained. Significantly decreased flow was detected in the precuneus and posterior cingulate bilaterally. No other significant regions were found. No significant regions of decreased transit delay or arterial blood volume were found.
Yoshiura et al. [47]
In a related paper with 20 patients with AD and 23 healthy controls (presumably mostly the same as the above paper), the diagnostic accuracy was assessed for detection of AD with posterior cingulate/precuneus blood flow as a marker. Sensitivity and specificity of 91/80 were achieved.
Chiao et al. [48] This study applied similar methods to Johnson et al. and Du et al. to the subdivision of MCI subjects using ASL. ASL imaging of 12 subjects diagnosed with amnestic MCI, 12 subjects diagnosed with dysexecutive MCI, and 12 elderly control subjects was performed. The upper half of the brain was studied with a multi-slice echoplanar approach. A method to correct for atrophy was used as part of the analysis. Lower posterior cingulate CBF than controls was found in both MCI groups. Dysexecutive MCI had significantly lower flow in the left middle frontal, left posterior cingulate, and left precuneus relative to amnestic MCI. An analysis of sensitivity and specificity for diagnosis of MCI subgroups showed modest values of 60-70% using combinations of regions derived from the data without a validation sample. Significant correlations between regional CBF and two neuropsychological test scores were found.
Raji et al. [49]
This study focused on the qualitative, diagnostic use of ASL to detect patients with mild AD. A whole brain, multi-slice technique very similar to Dai et al. [44] was used. Neuroradiologists were trained in the qualitative analysis of ASL studies. Images were presented using an absolute perfusion color scale. Four readers were evaluated for their diagnostic separation of 13 AD subjects and 19 cognitively normal elderly. AD subjects were better separated from normals by their ASL, average sensitivity/specificity of 85/54%, than by T1 weighted structural scans, average 56/70%.
SUMMARY OF ASL FINDINGS
The most consistent finding across the studies of AD is decreased precuneus and/or posterior cingulate blood flow. Lateral parietal cortex also frequently shows decreases. These changes cannot be explained by simple loss of tissue as they remain strong effects after atrophy correction. Posterior cingulate effects were observed in MCI, so this would appear a promising region for early detection. Posterior cingulate and especially parietal effects appear moderately related to disease severity. These blood flow decreases are broadly consistent with metabolism studies using PET, where far more extensive studies have been performed [50] . Since only a few of the studies observed the temporal lobes, the results are more limited, but signs of decreased flow in inferior-lateral temporal cortex are suggested.
Though medial temporal regions have been less frequently studied with ASL, changes in blood flow appear to be more complex. No study has yet detected a straightforward decrease, as was readily detected in the precuneus and parietal cortex. Several studies in AD [29, 44] and one in an at risk population [45] have pointed towards elevated hippocampal blood flow, at least as measured with ASL.
DISCUSSION
ASL remains a promising but unproven technique for early detection and characterization of AD. Of the existing studies, only one studied more than 25 patients and none employed longitudinal designs or pathology to confirm the clinical diagnosis. Hence it is virtually impossible to infer superiority of detection relative to clinical criteria. These studies do provide tantalizing suggestions of the potential of the ASL technique in the study and treatment of AD.
The correspondence between functional deficits detected with ASL MRI and PET techniques in AD suggests that ASL may provide similar detection sensitivity to PET but using an MRI scanner. Since structural imaging, white matter hyperintensity measurement, and potentially diffusion tensor imaging can be powerful tools in the diagnosis and longitudinal monitoring of AD, MRI will remain an important part of the study of AD. Blood flow MRI may help to add to the power of such studies. As evidenced by several of the reviewed studies, employing MRI atrophy measures to highlight functional rather than atrophic changes in the brain is an important approach to the interpretation of functional imaging measures. Since regional atrophy can be readily measured using MRI techniques [51] within the same scanner and without moving the subject, correction of ASL blood flow changes for atrophy are arguably more convenient and accurate than functional studies performed with other modalities.
In the absence of longitudinal studies or pathologic validation, one potentially valuable way to validate the changes observed in the reported ASL studies of AD is to relate increases or decreases with measures of cognitive functioning thought to be associated with these brain regions. Measures such as MMSE are not thought to be specific enough to be informative. However, the precuneus region has been associated with episodic memory, and a regression analysis relating reduced precuneus perfusion to episodic memory difficulty might be useful in demonstrating that precuneus change is not a spurious finding. Likewise, studies relating the hippocampus to episodic memory functioning would be able to establish the validity of observed changes, particularly if co-varied for disease duration. Finally, in cortical association areas where perfusion change is less clear, such as parietal and frontal regions, other cognitive measures that are compromised in AD can be related to these changes like confrontation naming and spatial relations. ASL findings in the medial temporal lobe and nearby regions remain the most controversial and potentially exciting. Since these hippocampal findings are relatively preliminary and factors such as limited spatial resolution and sensitivity to magnetic field variation could make the variance of ASL higher in the temporal lobes, it would be prudent to await further confirmation before over interpreting hyperperfusion. Unlike the cingulate and association cortex hypoperfusion, the signs of preserved or elevated flow with ASL are not broadly consistent with the FDG-PET literature. Hypometabolism in the medial temporal lobes on PET has been questioned [52, 53] , but the most recent studies continue to indicate a decrease in hippocampal metabolism in AD, e.g., [54] . One potential reason for disagreement would be decoupling of flow and glucose consumption, as has been reported in medial temporal epilepsy [55] . The similar location and recent interest in the relationship between AD and epilepsy [56] make this possibility more compelling. Certainly the demonstrated relationship between baseline blood flow and fMRI responses in an at risk population [45] suggests baseline ASL should be a component of MRI activation studies in AD. Task-dependent BOLD signal changes observed in preclinical AD may reflect true functional differences or altered sensitivity to activation due to changes in baseline blood flow [42, 57] , or a combination of these two effects.
The analyses in these studies have emphasized regional differences or across subject differences within individual studies. In principle, a technique capable of quantifying absolute CBF should produce numerical values that can be compared across studies and potentially used to guide diagnostic decisions. In practice, different implementations of ASL and different assumptions or approaches in the image analysis used for quantification contribute to considerable variation in absolute values between different published papers. Identifying errors in different approaches, developing a consensus on methods, and validating the consensus measures are important objectives of current research.
One important role for ASL and MRI may be in exploring the relationship between cerebrovascular disease and AD. Though the reviewed studies show little sign of ischemia, most of the studies included exclusions for cerebrovascular disease. A quantitative marker of blood flow, such as ASL, in a broader population of patients with dementia could address the added risk or impairment that may accompany moderate hypoperfusion [58] .
In evaluating the role of ASL in the characterization of early dementia, it is important to appreciate that advancements in ASL, and MRI in general, are still rapidly proceeding. Improvements in sensitivity from higher magnetic field strengths [59, 60] and specialized array coils [61] have not been fully appreciated in the reviewed studies. Faster scans and reduced motion sensitivity by using parallel imaging techniques can also improve the sensitivity and resolution of ASL images. Improved analysis methods for atrophy correction, for identifying spatial patterns of diffuse disease [43, 62] , or potentially using higher resolution structural images to guide high resolution reconstructions of low resolution ASL images [63] may further enhance studies. Finally, using modified ASL approaches to characterize arterial transit times [64] , arterial blood volume [46] , capillary permeability [65] and oxygenation [66] , and vascular reactivity [20] could provide new insights into early AD pathophysiology.
CONCLUSION
ASL Blood Flow MRI is a promising marker of early disease in AD and other dementias. ASL currently lags some other imaging methods in the maturity of the technology and the evaluation in AD. With widespread distribution of the technique in progress, we anticipate these challenges will shortly be overcome and ASL will become an essential tool in AD treatment and prevention research.
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